One of the most critical sources of pollutants are road run-offs. Road run-off is a complex mixture of toxicants e.g. heavy metals, de-icing agents, organic compounds and water suspensions of solid substances. One of the most negative impact on the environment has sodium chloride which is used as de-icing agent. In the case of incorrect environment protection in the vicinity of roads pollutants may migrate to groundwater causing hazard to sources of potable water. One of the methods to prevent the migration of pollutants to groundwater is imposing the fl ow of polluted water through a reactive material fi lling a permeable reactive barrier (PRB). This paper examines the feasibility of selected reactive materials for the reduction chlorides concentration in road run-offs. Four different reactive materials: zero valent-iron, activated carbon, zeolite and geza rock have been chosen for studies. The tests results indicated that the most popular reactive materials used in PRB technology, activated carbon and zero-valent iron, removed exhibited the highest effi ciency in chloride ions removal. Moreover, the composition of road run-off in samples collected along roads in Warsaw was determinated.
INTRODUCTION
Process of degradation and destruction of the environment is in mostly caused by human negative activities, especially in view of generating sources of pollution.
Road infrastructure is one of the sources of this type of contamination. Transport has a highly negative impact on surfaceand groundwater, soil and air in the vicinity of roads. Pollution can be caused by the emission of fuel gases, evaporation of media, breaks and tires usage, as well as de-icing agents (Merkisz et al. 2005) . The most widely used de-icing material is sodium chloride NaCl, which dissociates in water to Na + and Cl -thereby reducing its freezing temperature.
Although natural attenuation processes occur in the soil reducing the concentration of contaminants (by degradation, dilution or sorption), of high contamination of soil and groundwater necessitates the application of remediation methods (Yong and Mulligan 2004) . One of technical methods which are used to reduce concentrations of substances contaminated groundwater is Permeable Reactive Barriers (PRB) (Fig. 1 ). "A permeable reactive barrier is a wall built below ground to clean up polluted groundwater. The wall is permeable, which means it has tiny holes that allow groundwater to fl ow through it. Reactive materials in the wall trap harmful chemicals or change the chemicals into harmless ones. Clean groundwater fl ows out the other side of the wall" (EPA 542-F-01-005 April 2001).
PRBs are widely used in contaminated areas (like brownfi elds) and have a lot of advantages such as relatively low costs, the usage of naturally occurring processes in groundwater, low impact on the environment and the possibility of implementation in urbanized areas. However, the PRBs have disadvantages like: long remediation time, changes the properties of reactive material in time and the need for regeneration or exchange of reactive materials.
The aim of this paper is to study the suitability of some chosen materials (activated carbon, zeolite, zero-valent iron, geza rock) as fi llers for PRBs designated for protection of groundwater along roads.
CONTAMINANTS FROM TRANSPORT
Transport is one of the sources of environment pollution. The highest concentration of contaminants occurs in the vicinity of roads. The level of contamination depends on some factors, e.g. physicochemical properties of soils, amount of absorbed chemical substance, distance from emission source and size of contaminant plume.
Properties of soils decide about intensity of natural attenuation processes and contaminants migration in soil layers. One of the most important factor is hydraulic conductivity k. In subsoils, many factors can infl uence the hydraulic conductivity, e.g., any increase in double layer thickness produces a decrease in hydraulic conductivity, also any increase in electrolyte concentration or an increase in cation valence will tend to decrease hydraulic conductivity. However, clayey soils permeated with liquids containing monovalent cations tend to produce low hydraulic conductivity while those permeated with liquids containing polyvalent cations tend to produce higher hydraulic conductivity of clayey soils. On the other hand, turbidity, nutrient content, and microorganisms can also affect hydraulic conductivity (Daniel 1994) . In case of non-cohesive soils, there exist two transport mechanisms: advection and dispersion. There is also third (Fronczyk 2008) transport mechanism, diffusion, which appears in case of cohesive soils (but no occurs advection process). Migration of pollutants in soils causes contamination of water and air, as well as has negative impact on plants and animals. Moreover, the sorption capacity of soils infl uences intensity of contaminants migration: the highest sorption capacity, the lowest migration intensity.
Main contaminants from transport are (Polkowska et al. 2007): nitrogen oxides, carbon monoxide, hydrocarbons, particulate matter PM, sulfur oxides, aldehydes, salt. Most of these substances are connected with engine gases, in contrast to salt which is used to safe driving conditions during winter season. The rate of salt application is about thousands of tones per year. The most common de-icing material is sodium chloride (NaCl) because of its low cost, availability and high effectiveness. NaCl can be used in form of -------dry salt but also as brine, pre-wetted salt or mixed with calcium chloride (IBDiM 2006) . Furthermore, there are standards recommending the exact dose of NaCl which should be adjusted depending on weather conditions. In the compact city environment with high traffi c density, street trees commonly are stressed due to a harsh microclimate and soil conditions (e.g. inhibition of membranes functions, ion defi ciency, decrease of enzymes activity, salt-induced water stress). The use of de-icing salts on roads also leads to deposition in the greenery environment (Cekstere et al. 2008 ).
MATERIALS
Materials used in the research are divided into two following groups: reactive materials, de-icing agents. The reactive materials used should provide facilitate the reduction of concentration harmful substances. In conducted investigations four materials were taken into account ( Fig. 2 ): --FIGURE 2. Reactive materials used in the research a) geza rock, b) activated carbon, c) zeolite, d) zero-valent iron geza rock (Wrzosówka/Kielce, Poland), activated carbon (Poland), zeolite (Bystre, Slovakia), zero -valent iron ZVI (H200 Plus™, HEPURE TECHNOLOGIES USA) . In laboratory tests as a de-icing agent sodium chloride from PolSuper company was used. Chemical composition of de-icing agent is given in Table 1 .
METHODS
The fi rst step of laboratory investigations was the analyze of chloride concentrations in snow samples collected along
the streets in Warsaw, which were taken in January and February 2010. Location of sampling sites is presented in Figure 3 .
The second step of conducted investigations concentrate on assessment of reactive materials physical properties (sieve analysis, maximum and minimum dry density tests and total specifi c surface analysis SSA). Tests were conducted according to polish standard (PN--88/B-04481, 1998).
Three types of laboratory retention tests were conducted in the studies. The fi rst was focused on the identifi cation of the chloride reduction ability of the reactive materials. Each of reactive materials (50 g) was mixed in fl asks with NaCl solution (1500 mg·dm -3 ) for 48 hours. Chloride concentration, conductivity, pH and temperature were examined at the beginning and at the end of the experiment. Based on this studies two reactive materials with highest affi nity to chloride ions were selected. Thereafter, in pre- vious type of studies on chosen materials batch kinetic tests and batch equilibrium tests were carried out (2nd and 3rd type of retention studies). These tests were conducted to quantify and qualify the mechanism of chloride uptake by reactive materials. The batch kinetic tests were based on shaking 2 g of reactive material with 100 ml of 150 mgCl·dm -3 solution for 1, 3, 6, 10, 34 and 58 hours.In batch equilibrium tests variable chloride concentrations (150, 170, 190, 210, 230 and 250 mg·dm -3 ) and constant shaking period of time (24 h) were assumed. The concentration, conductivity, pH and temperature of chloride in the initial and equilibrium solutions were analyzed.
In order to establish the adsorption isotherms were analyzed the batch tests results using Solver program. In parametric analysis following models (adsorption isotherms) were used:
Freundlich equation
Henry equation:
where: 
RESULTS AND DISCUSSION

Composition of snow samples
The results of chloride concentration in snow samples are presented in Tables 2  and 3 . Chloride concentration depends on the sampling sites (different type of road, traffi c density and amount of used de-icing agents) and sampling time (heavy snowfalls and low temperature in fi rst sampling time, low snowfalls - and higher temperature in the second sampling time). The analyses of snow samples indicated a large difference in chloride concentrations between January and February. The samples from February were collected two weeks after single snowfall, therefore the lower chloride concentrations were detected. However, during this period single road de-icing was applied. The samples collected in January were taken six weeks after fi rst snowfall. During this time numerous snowfalls and frequent de-icing of roads were observed.
Physical properties
The grain size distribution of tested reactive materials are shown in Figure 4 whereas maximum and minimum dry Table 4 . The highest maximum dry density has zero-valent iron and the lowest -activated carbon. Results of total SSA (Tab. 5) showed that the highest SSA has activated carbon and zero-valent iron. The smallest SSA was determined for geza rock
Retention tests
The fi rst type of retention tests have shown, that all tested reactive materials reduce chloride concentration, but the most effective are activated carbon and zero-valent iron. This two reactive materials, widely used in PRB technology, were chosen for further retention tests (Tab. 6).
In 3rd type of retention tests equilibrium times, assumed on the bases of batch kinetic tests, were: 24 hours for activated carbon and 48 hours for zero-valent iron (Fig. 5) . Results of batch equilibrium tests for activated carbon and zero-valet iron are presented in Table 7 and 8, whereas Freundlich adsorption isotherms are shown in Figure 6 . Both materials tested reduce chloride concentration but with low intensity. However, these materials are widely used as reactive materials fulfi lling PRBs, and presumably they have ability to heavy metals and organic compounds retention, also in the vicinity of roads. Therefore, it is important to examine, whether this materials are suitable to minimize the salt concentration in runoff water from roads.
In calculations Langmuir isotherms could not been used. Langmuir equation is intended for low concentrations of substances in solution. Presumably initial chloride concentrations exceeded the applicability of the Langmuir model. As in the previous case, Henry equation, also have not resulted in gratifying fi tting: for activated carbon R 2 is 0.45 whereas parameter of Henry isotherm for zero-valent iron could not been es- 
CONCLUSIONS
The development of road infrastructure is closely linked to the level of environmental pollution in Poland. It is therefore of great importance to develop technology, which use can reduce the concentration of contaminants generated of road by transportation facilities, particularly in the most ecologically valuable areas. The application of (multilayer) Permeable Reactive Barriers fi lled with reactive materials promises the achievement of good results. However, chosen reactive materials should be able to reduce a wide range of contaminants with various physicochemical properties.
Results of conducted investigations showed that chloride concentration in snow samples is considerably varied even on the same sampling sites. These differences are dependent on sampling time, frequency and intensity of snowfalls. These factors are closely affected by the amount of salt used to ensure safe driving conditions.
Basic and effective studies applied in determining the suitability of reactive materials for the retention of pollutants are batch tests. On the basis of these tests, it can be concluded, that activated carbon and zero-valent iron seem to be the best materials (activated carbon, zeolite, zero-valent iron, geza rock) for the reduction of chlorides. They are commonly used in PRBs as reactive materials causing reduction of several types of contaminants e.g. heavy metals and organic compounds. Therefore, it is reasonable to conduct further studies demonstrating the applicability of these materials as fi llers PRBs in the vicinity of roads.
